Physical maps of the chromosomes of the Lyme disease spirochaetes Borrelia garinii and Borrelia afielii have been elucidated for the enzymes Cspl, SgrAl, I-Ceul, Smal, Eagl, BssHII, MluI and Apal by two-dimensional pulsed-field gel electrophoresis techniques. The maps contain 42 sites for B. garinii and 32 for B. afielii. The mapping studies showed that the two chromosomes are linear DNA molecules of 953 and 948 kbp, respectively. A comparison of the physical maps of B. garinii and B. afielii and the published map of the other Lyme disease spirochaete, Borrelia burgdorferi [Davidson, B. E. , MacDougall, J. & Saint Girons, 1. (1992) J Bacteriol 174,3766-37741 revealed that the three chromosomes have f e w endonuclease sites in common, apart from a cluster in rrl (encoding 23s rRNA) and rrs (encoding 165 rRNA). Cloned borrelial genes were used as specific hybridization probes to construct genetic maps, using the physical maps as a basis. The resulting maps contain 41 genetic loci for B. burgdorferi, 39 for B. garinii, and 33 for B. afielii. In contrast to the physical maps, the three genetic maps are closely related, with no detectable differences in gene order along the entire length of the chromosome. It is concluded that the chromosomes of these three borrelial species have undergone no major rearrangements, deletions or insertions during their evolution from a common ancestor. Detailed mapping of the region of the B. garinii and B. afzelii chromosomes that encodes rRNA revealed that each chromosome contains one copy of rrs separated by 5 kbp from two copies each of rrl and rrf (encoding 55 rRNA). The gene order is rrs rrlA rrfA rrlB rrfB. B. burgdorferi is the only other member of the eubacteria for which this particular rRNA gene arrangement has been observed. A DNA length polymorphism in the region of the borrelial rRNA genes was shown to be due to the presence of 2.2 kbp more DNA between rrs and rrlA in B. garinii and B. afielii than in B. burgdorferi.
INTRODUCTION
The splrochaete Borrelia burgdorferi, first reported and described in 1984, is a causative agent of Lyme disease (Burgdorfer e t al., 1982; Johnson e t al., 1984) . DNA-DNA hybridization of Borrelz'a isolates from around the world has revealed a more complex taxonomy of the Lyme disease spirochaetes than was originally thought. At least two additional new species (Borrelia garinii and Borrelia afxeliz) capable of causing the disease are now recognized (Baranton e t al., 1992; Canica e t al., 1993) . All three species have been isolated in Europe whereas only B. burgdorferi sensu stricto is found in the USA. An understanding of the taxonomy of these spirochaetes is important since certain clinical aspects of Lyme disease are dependent on the identity of the infecting organism. Thus, arthritis is associated more commonly with B. burgdorferi sensu stricto infections, meningoradiculitis with B. garinii infections, and cutaneous manifestations with B. afxelii infections (Assous e t al., 1993) . Genetic analyses of these different species therefore has the potential to provide important insights into the molecular basis of Lyme disease and its wide spectrum of symptoms.
Interest in the molecular genetics of B. bzlrgdorferi sensu lato (for a review see Saint Girons e t al., 1994) was heightened by the discovery that its chromosome is linear and not circular like those of other characterized bacteria (Baril e t a/., 1989; Ferdows & Barbour, 1989) . The chromosome was also found to be small, around 1 Mbp (Baril e t a/., 1989; Ferdows & Barbour, 1989) . Physical mapping studies yielded results that were consistent with linearity and provided chromosome sizes of 946 and 952 kbp for B. burgdorferi strains 21 2 and Sh-2-82, respectively Casjens & Huang, 1993) . A comparison of the chromosomal maps of the two strains revealed that 33 out of the 41 cleavage sites of the six endonucleases used in both mapping studies were conserved (Casjens & Huang, 1993) . Details of the molecular structure of the extremities of the chromosome have not been reported, although the telomeres of a 16 kbp linear plasmid also present in B. burgdorferi are covalently closed and their nucleotide sequences have been determined (Hinnebusch e t al. ,1990 ; Hinnesbusch & Barbour, 1991) .
The rRNA gene organization in B. burgdorferi is also unusual. The chromosome carries a single gene encoding 16s rRNA (rrs) separated by 2.7 kbp from a tandemly repeated pair of 23s (rrlA and rrlB) and 5s rRNA ( r r f A and r r -) genes Schwartz e t al., 1992; Fukunaga & Sohnaka, 1992; Gazumyan e t al., 1994) . This gene organization contrasts with the situation in most bacteria, which have one or more rRNA operons each containing one copy of rrs, rrl and rrf.
The small size of the chromosome of Lyme disease spirochaetes makes them useful organisms for interspecies comparative studies aimed at providing insights into chromosome evolution. (Baranton etal., 1992; Canica e t al., 1993; Fukunaga et al., 1993) , from the strain collection of the Institut Pasteur, were grown in BSKII medium (Barbour, 1984) as described previously for B. burgdorferi 212 (Davidson e t al., 1992) . The strains used for mapping studies were B. burgdorferi 212, B. garinii 20047 and B. afyelii VS461, and unless specified otherwise the terms B. burgdorferi, B. garinii and B. afyelii have been used throughout to refer to these three strains. Plasmids used as hybridization probes for genetic mapping studies are listed in Table 1 . The pgk, pi, plsC, parE, dnaB, gidB, moxR, tmpC, ktpG, metG, m i a A , pth and ftsH genes were isolated and identified by sequencing of randomly chosen clones from a library of B. burgdorferi 212 DNA in pUC18 (Old et al., 1992a) . All other genes used (see Table 1 ) were also from B. burgdorferi, with the exception of the pl00 gene, which was from B. afyelii.
DNA preparations and mapping studies using pulsed-field gel electrophoresis (PFGE). The methods used for the preparation of high-molecular-mass genomic and chromosomal DNA in agarose blocks, DNA digestions, purification of DNA restriction fragments and two-dimensional PFGE experiments were those described previously Tulloch et al., 1991) . The following techniques were used to elucidate physical maps of the chromosomes: double digests of highmolecular-mass chromosomal and genomic DNA, redigestion of PFGE-purified fragments with a second restriction endonuclease, and determination of the hybridization properties of fragments with a specific gene probe whose map location had been independently established. PFGE was performed in either a CHEF-DRII or a Chef Mapper apparatus (Bio-Rad). The borrelial DNA used as a template for the PCR was prepared from pelleted cells as described by Carnie1 e t al. (1989) .
Fragment nomenclature. Fragments produced by digestion of the chromosome by a single restriction endonuclease have been designated Sg, Ce, Sm, Ea, Bs, M1, Ap, Cs, or Sc to identify the enzyme [SgrAI, SmaI, EagI, BssHII, MluI, A p a I , CspI, or Sac11 (KspI) , respectively], with a capital letter suffix, A or B, etc. in the order of decreasing fragment size (Table 2 ). For fragments indistinguishable in size, the suffix is numbered 1 or 2, etc., e.g. ApBl and ApB2. Fragments produced by digestion with two restriction endonucleases have been designated by the two single-digest fragments from which they were derived, e.g. SmC-ApB1 contains DNA from the overlapping region of SmC and ApB1.
PCR. Specific primers ( * Only the minimum number of fragments that define the gene location are listed.
t Unpublished results; tmpC corresponds to p39 (Casjens & Huang, 1993) .
$ Precise location was established from the M i d site in the 16s rRNA sequence (Marconi & Garon, 1992a (1 x SSPE is 36 m M NaC1, 2 mM Na,HPO, and 1 mM E D T A , pH 7.4). After hybridization with the probe at 60 "C for 18 h, the final stringent wash of the membrane was performed in 0.1 x SSPE containing 0.1 YO (w/v) SDS for 15 min at 65 "C. Conservation of gene arrangement in Borrelia , 1989) . This 1 Mbp species was presumed to be the linear chromosome.
Fragments of < 100 kbp, which were probably plasmids, were also seen. Endonucleases having GC-rich recognition sites (SgrAT, I-Ced, SmaI, MlzrI, BssHII, EagI and ApaI) were found to cut the two chromosomes into a useful number of fragments for mapping studies (Table  2 ). SmII and CspI were also used for mapping B. afzelii (CspI did not digest the B. garinii chromosome). As was found previously with B. bnrgdorferi , the presence of the plasmids complicated the digestion patterns obtained with high-molecular-mass genomic D N A from B. garinii and B. afxelii. The uncertainties in interpretation of the patterns were avoided by first isolating high-molecular-mass chromosomal D N A in agarose by PFGE, then digesting this DNA. The sum of the fragment sizes produced by each enzyme yielded estimates for the size of the two chromosomes ( , 1993) . Each of these genes was found to occupy the same position in the genome of both isolates, within the limits of precision of the mapping experiments.
The genetic maps of the chromosomes of the three different Lyme disease spirochaetes contain 41 loci for B. burgdorferi, 39 for B. garinii and 33 for B. afxelii (Fig. lb) .
The uneven and different distributions of endonuclease sites along each of the chromosomes result in large dissimilarities in the resolution of the genetic maps for the same region of each chromosome. Although these dissimilarities complicate the comparison of the threc maps, it is clear that the mapping studies provide no indication of any differences in the gene order of tht: chromosomes of the three species (Fig. lb) . High resolution mapping around the rRNA gene loci in 8. garinii and 6. afzelii
In view of the close similarity of the genetic maps it was -decided to use higher resolution mapping to analyse a short segment of the chromosome in more detail. The region containing the rRNA genes was chosen for this analysis since the number and arrangement of rRNA genes in B. bwgdorferi is unique among eubacteria (Davidson etal., 1992; Schwartz et al., 1992; Fukunaga & Sohnaka, 1992) . The B. bzlrgdorfri chromosome has a single copy of rrs, separated by 2.7 kbp from a tandem duplication containing two copies each of rrl and rrf (Fig.  2a) . Specific probes for rrl, rrs and rrfwere made by PCR using CO1-C06, C04-C05 and C03-C07, respectively, as amplimer pairs (Fig. 2a) (Marconi & Garon, 1992a) and R-IP3 (Marconi & Garon, 1992b) (Fig. 2a) . PCR products of a similar size were obtained with the same amplimer pair when either B. garinii or B. afxelii D N A was used as template. These observations indicated that the juxtaposition of rrl and rrfin B. garinii and B. afxelii was identical to that in B. burgdorferi (Fig. 2b) .
Tandem duplication of rrl. The possibility that two copies of rrl were present in a tandem duplication in the B. garinii and B. aflelii chromosomes was explored by carrying out PCR with CO1-C02 as amplimers. With B. burgdorferi DNA as template a single product of 586 bp was obtained. This product was of the size expected from the reported sequence (Schwartz e t al., 1992) for amplification from the 3' end of r r l A through rlrfA into the 5' end of rrlB (Fig. 2a) , and was indicative of one o r more tandem duplications of rrl genes. Identically sized PCR products were obtained when either B. garinii or B. ajxelii D N A was used as template with CO1-C02, indicating that the rRNA genes were also tandemly For the 8. garinii and 8. afzelii maps, sites were located as follows: Sacll sites, from the sequences o f 8. garinii G1 and 8. afzelii R-IP3 165 rRNA (Marconi & Garon, 1992a, b) ; Hpal sites, from Southern blotting data (this study) and the 165 rRNA sequences; Eagl, BssHll and Smal sites, from data in this study, assuming identity with the 8. burgdorferi 235 rRNA gene when assigning precise locations. Sites marked (Bg) or (Ba) were only found in 8. garinii or 8. afzelii, respectively. The Smal site marked (Bg*) was presented in 8. garinii strains 20047, lr210 and NBS16 but not strains NT29, PD89 and Sikal. CO1, C02, etc. indicate the location of PCR amplimers listed in C. O J A I M I a n d O T H E R S duplicated in these organisms. An rrf probe hybridized with these PCR products, confirming that in each case r5f was located alongside the 3' end of rrl. A 3.2 kbp fragmentwas seen in I-CeuI, SmaI, EagI and BssHII digests of B garinii and B. afxelii D N A ( Table 2 ). The observation that these fragments hybridized with an rrl-specific probe wa3 consistent with the presence of a 3.2-kbp-long tandem duplication of rrl containing sites for each of these foul enzymes (Fig. 2) (Fig. 2) . The number of copies of the rrl rrftandem repeat was calculated by using previously reported values for the sizes of EcoRV fragments that hybridized with a total RNA probe (Baranton e t al., 1992) . Summation of these sizes indicated that the rRNA genes were contained within 10-1 kbp for B. garinii and 11.5 kbp for B. afxelii. Given the sizes of rrl, rrf, rrs and the intervening DNA, it is not possible to contain more than two copies of the rrl rrf tandem repeat within these limits. (Fig. 2b ). This additional D N A contained an extra SmaI site (Fig. 2b) (Burgdorfer e t al., 1982; Baranton e t al., 1992; Canica e t al., 1993) . Of the three, B. burgdorferi has been studied most closely at the genomic level and was the first bacterium found to possess a linear chromosome (Baril e t al., 1989 ; Ferdows & Barbour, 1989 ; Davidson e t a/., 1992). Since that discovery, linear chromosomes have been found in other bacteria, e.g. Streptomyces lividans (Lin e t al., 1993; Hinnebusch & Tilly, 1993) . The physical mapping studies presented in this publication confirm that the chromosomes of B. garinii and B. afxelii share this unusual property of linearity. Another unusual feature of the €3. burgdorferi genome is its complement and organization of rRNA genes. Most bacteria contain equivalent numbers of each of the three rRNA genes grouped in rRNA operons (Krawiec & Riley, 1990) . Every operon contains a single copy of each gene, and commonly the operons are present in the chromosome in multiple copies. B. burgdorferi differs from this pattern because it has only one copy of rrs and two copies of rrl and rrf (Fig. 2a ) (Davidson e t al., 1992; Schwartz e t al., 1992; Fukunaga & Sohnaka, 1992) . Furthermore, the presence of 2.7 kbp of D N A containing another gene in the opposite orientation between rrs and r r l A (ileT) suggests that rrs is transcribed independently of the other rRNA genes (Gazumyan et al., 1994 (Canica et al., 1993; Marconi & Garon, 1992b) .
Juxtaposition of rrs
It had previously been observed that there is a high degree of conservation of cleavage site location in the chromosomes of two different isolates of the species B. burgdorferi (strains 212 and Sh-82-2) (Casjens & Huang, 1993) . The present work indicates that this conservation does not extend to an interspecies comparison, since the chromosomes of B. burgdorferi, B. garinii and B. afxelii were found to have few conserved endonuclease sites. The conserved sites occur mostly in a cluster in the rRNA genes rr/ and rrs, loci that are known to exhibit a high degree of sequence conservation (Marconi & Garon, 1992b) . This level of dissimilarity in the maps is not unexpected since the three bacterial genospecies exhibit less than 70 % D N A cross-hybridization (Baranton e t al., 1992; Canica e t al., 1993) and the endonucleases used for the mapping had recognition sequences of 6 or more bp.
In contrast to the physical maps, the genetic maps of the three different species are extremely closely related. N o differences between the gene order of the three chromosomes were observed, although the existence of small differences cannot be unequivocally ruled out because the genetic mapping could only be carried out at low resolution. Nevertheless, it is clear that there has been no large inversion or translocation involving a significant proportion of either of the three chromosomes. Because the sizes of the three chromosomes do not differ significantly, the occurrence of large-scale deletions or insertions can also be ruled out, except for the unlikely situation of compensating insertions and deletions. We conclude from this analysis that the chromosomes of the Lyme disease spirochaetes have not undergone major genetic rearrangements during the divergent evolution of the three species from their common ancestor, and that differences between the physical maps most likely result from base substitutions. This genetic stability may be (Baranton e t al., 1992; Canica etal., 1993; Fukunaga etal., 1993) . We have n o data that shed light on the molecular nature of the genetic event responsible for the D N A length polymorphism. Its occurrence in the vicinity of rRXX genes may be significant, since the repeated sequences that result from the presence of multiple copies of these genes have been associated with the chromosomal rearrangement that characterizes the Escherichiiz coli K12 strain W3110 (Hill & Harnish, 1981) . The presence of enzymes that mediate genetic recombination in the Lyme disease Borrelia can be inferred from the observation of recombination between two related B. burgdorfri genes, osp 4 and ospB (Rosa e t al., 1992) . Determination of the nucleotide sequence between rrs and r r l A in B. garinii and B. afxelii and comparison of it with the known B.
btlrqdorferi sequence (Gazumyan e t a/. , 1994) should provide insights into the mechanism by which the pol!.morphism arose.
The genetic stability seen in the chromosomes of these three borrelial species is in contrast to the situation in another spirochaete, Leptospira interrogans, where the chromosomes of two serovars exhibited large rearrangements (Zuerner e t al., 1993) . Comparative genetic maps of four Bacillzis cerezl.r strains also indicate a significant degree of genomic plasticity in that organism (Carlson e t al., 1992) . O n the other hand, marked genetic stability has been found in the chromosomes of ten Clostridim perfringens strains (Canard e t a/., 1992) and five Mycoplasma homznis strains (Ladefoged & Christiansen, 1992) , while different strains of M!jcoplasma mycoides subsp. myides have few differences in their chromosomal gene order (Pyle et al., 1990) . The well-characterized congruence between the genetic maps of E. coli and Salmonella t_lpphimzlriztm and their similarities with the Shigella flexneri map is another example of long-term retention of gene order (Riley & Krawiec, 1987; Okada e t al., 1991) . In the future it is likely that the availability of a more extensive database on genetic variation in different bacterial species and genera will enable a meaningful evaluation to be made o t the relative genetic stability in any one genus. At present the data are too limited to allow us to conclude lvhether or not the Lyme disease Borrelia are exceptional in terms of the stability of their chromosome.
